a High-voltage aqueous electrolyte based supercapacitors (U 4 1.23 V) attract significant attention for next-generation high power, low cost and environmentally friendly energy storage applications. Cell ageing is however markedly pronounced at elevated voltages and results in accelerated overall performance fade and increased safety concerns. Online electrochemical mass spectrometry, combined with cell pressure analysis, is for the first time shown to provide a powerful means for in situ investigation of degradation mechanisms in aqueous electrolyte/carbon based supercapacitors. The activated carbon electrodes possess high specific surface area and oxygen-based surface functionalities (mainly phenol, lactone and anhydride groups), which are oxidized already at a cell voltage of 0.6 V to provoke the evolution of minor amounts of CO and CO 2 . Noticeable water decomposition starts at a high voltage of 1.6 V with the evolution of H 2 on the negative electrode and carbon corrosion on the positive electrode with the generation of predominantly CO. In this paper we also report that short-term cycling leads to partly reversible gas evolution/consumption side-reactions giving negligible capacitance.
Introduction
Supercapacitors, known also as electrochemical or electrical double layer capacitors (EDLCs), are nowadays widely implemented in applications requiring a rapid electric power supply as the energy in the electrochemical double layer can be accumulated and delivered quickly. [1] [2] [3] In order to address the growing needs of rapid power sources, e.g. for hybrid electric vehicles, further improvements on several aspects of EDLCs are imperative.
voltage of aqueous EDLCs could however be increased by tuning the physicochemical properties of the electrolyte (pH or conductivity values) and/or surface chemistry of activated carbons (AC), which in turn affect the over-potential for hydrogen and/or oxygen evolution. 8 Recently, an activated carbon based supercapacitor with 1 mol L À1 Li 2 SO 4 aqueous electrolyte (pH 6-7) demonstrated stable operation at a surprisingly high cell voltage of 2.2 V. 6 However, such extraordinary voltage was achieved with noble (gold) current collectors, hence, several parasitic phenomena (e.g. corrosion) influencing final performance were excluded. The significant enhancement of the operating voltage of aqueous EDLCs is achieved by employing neutral solutions of specific alkali salts, e.g. Na 2 SO 4 , NaNO 3 and Li 2 SO 4 , 6,9-11 that stabilize the electrode/electrolyte interface. Cell ageing issues are however considerably pronounced at high voltages (and elevated temperatures), 12 which cause gradual performance loss (lower capacitance and/or increased internal resistance) and ultimately cell failure and increased safety concerns. 13 Ageing processes include mainly side-reactions that lead to electrolyte depletion, electrode pore blocking, and internal cell pressure increase because of volatile side-products. Studies of electrochemically induced gas evolution and associated cell pressure build-up have already provided important insights into degradation mechanisms of activated carbon-based EDLCs, operating in either aqueous [12] [13] [14] [15] or non-aqueous [16] [17] [18] electrolytes. Several approaches, such as Tafel plot based estimations, 15 gas chromatography 14 and cell pressure characterization, 12, 13 were previously employed to probe the origin of gas evolution in EDLCs. Brousse et al. investigated the electrochemically induced gas evolution during cycling of a hybrid electrochemical capacitor composed of MnO 2 and activated carbon as positive and negative electrodes, respectively, operating in 0.65 mol L À1 K 2 SO 4 aqueous electrolyte. 15 O 2 evolution was proposed to occur on the MnO 2 surface (+) while H 2 evolution was attributed to the activated carbon surface (À) upon charging of the cell; the respective volumes of evolved gases were calculated from the corresponding current-potential Tafel plots. Nakamura et al. studied the influence of the oxygen content of the carbon surface functional groups on the gas evolution onsets in an activated carbon-based EDLC operating in 30 wt% H 2 SO 4 electrolyte.
14 A higher oxygen content was suggested to result in a lower gas evolution onset, and higher concentration of acidic functional surface groups on activated carbon brought about more gas evolution. The major components of the evolved gases were determined by gas chromatography to be CO and CO 2 during anodic polarization and H 2 during cathodic polarization. Ratajczak et al. recently investigated the ageing and internal pressure build-up of symmetric EDLC cells containing 1 mol L
À1
Li 2 SO 4 aqueous electrolyte during accelerated ageing tests. 12, 13 An internal cell pressure increase was measured by a pressure transducer at a cell voltage of 1.5 V, together with the increase of cell impedance and carbon electrode/current collector corrosion. In non-aqueous EDLC systems, Hahn et al. used a pressure transducer to record both reversible and irreversible cell pressure changes at voltages up to 3 V. 16 The authors continued to show that the extent of pressure build-up was related to the stability of the electrolyte solvents, but the occurrence of faradic currents were rather devoted to the formation of soluble electrolyte decomposition products than to gas evolution. 17 Online electrochemical mass spectrometry (OEMS) combines characteristics of both gas chromatography and cell pressure analysis by enabling both quantitative and qualitative in situ analysis of gaseous species evolved in the electrochemical cell during cycling. 19 OEMS has in recent years become a commonly used tool to investigate side-reactions in several energy storage/ conversion systems, e.g. fuel cells and batteries, because of the high sensitivity and specificity of the mass spectrometer. [20] [21] [22] [23] [24] [25] [26] [27] To the best of our knowledge, OEMS dedicated to EDLCs has only been reported once, but for a non-aqueous electrolyte system. 18 The aim of the present study is to identify potential onsets and govern mechanisms of performance limiting side-reactions in a high-voltage aqueous EDLC by performing a comprehensive in situ analysis of gas evolving side-reactions.
Experimental
Electrode and electrolyte preparation Self-standing circular carbon electrodes were punched (+ 14 mm for the pressure cell, and + 18 mm for the OEMS cell) from the activated carbon fabric (ACC 507-20, Kynol, Germany 
Electrochemical cell assembling
Both the in situ pressure and OEMS cells were assembled in a symmetric electrode configuration containing two activated carbon electrodes (m C = 18 mg for the pressure cell, m C = 30 mg for the OEMS cell, mass discrepancy o0.3 mg), a glass fiber separator (+ 18 mm for pressure cell, and + 28 mm for OEMS cell; GF/A, Whatman, Switzerland) and a fixed amount of 1 mol L À1 Li 2 SO 4 electrolyte (200 mL for the pressure cell, and 250 mL for the OEMS cell). Three hours of equilibrium time was allowed for all measurements before electrochemical cycling, for a stable pressure background.
Carbon electrode characterization
The nitrogen adsorption isotherm of the activated carbon electrode was recorded by an ASAP 2460 analyzer (Micromeritics, USA) at 77 K. The specific surface area of the carbon material was ). Quantitative analysis of CO and CO 2 groups was calibrated with calcium oxalate monohydrate.
In situ pressure and OEMS characterization
The working principles of the in situ pressure and OEMS analysis have been introduced in our previous studies. 29 Briefly, the pressure cell is a standard Paul Sherrer Institute coin-type electrochemical test cell, 30 to which a pressure transducer (PA-33X, Keller, Switzerland) is directly connected. Internal pressure development of the electrochemical cell is uninterruptedly monitored upon cycling. Specific pressure increase rates inside EDLC pressure cells can be computed by taking the first order derivative of the relevant pressure curve and normalized by mass of two carbon electrodes, which is hereafter named as specific dP/dt. The OEMS setup consists of a quadrupole mass spectrometer (Prisma QME 200, Pfeiffer, Germany), two flowmeters (Red-Y smart Series from Vögtlin Instruments and EL-FLOW Select Series from Bronkhorst AG, Germany), stainless steel pipes, Swagelok fittings and an OEMS cell. Evolved gases were continuously purged out from the head space of the OEMS cell by a controlled Ar flow (0.05 mL min À1 ), and further diluted in a major Ar flow (0.8 mL min À1 ) before reaching the inlet of mass spectrometry via a thin capillary. Partial pressure of gas species in Ar flow was recorded as ion-current intensity using a mass spectrometer. The time-lag between gas evolutions on the carbon electrode surface and mass signal detection by OEMS were estimated about 30 seconds 31 corresponding to a considerable potential shift of 0.3 V at 10 mV s À1 scan rate, and thus, a slower scan rate of 0.1 mV s À1 was complementarily employed for OEMS measurements to study the potential dependence of the gas evolving reactions.
Electrochemical techniques
Three major electrochemical techniques were conducted in a computer controlled potentiostat/galvanostat (CCCC hardware, Astrol Electronic, Switzerland), including potentiodynamic, potentiostatic and accelerated ageing protocols. The potentiodynamic process was consecutively performed in a cell voltage window of 0-1, 0-1. with potentiostatic steps (voltage cut-off at 1.8 V for 2 h), in order to simulate the practical ageing process. 12 Potentials of the positive and negative electrodes were measured in a three electrode configuration cell containing two symmetric activated carbon electrodes and an Ag/AgCl reference electrode (SigmaAldrich, Switzerland) during galvanostatic cycling (0.2 A g À1 ).
All potential values in this work were referred to as the standard hydrogen electrode (SHE) unless otherwise noted.
Results and discussion
Activated carbon electrode characterization 
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The total mass loss is close to 7.2 wt%, including trace of water (m/z = 18, 0.13 mmol g À1 ) and carbon surface functional group desorption leading to CO (m/z = 28, 0.33 mmol g À1 ) and CO 2 (m/z = 44, 1.34 mmol g À1 ) gas, which all can be identified according to their particular desorption temperature ranges, respectively. 32 The primary mass loss at temperatures lower than 350 1C originates from the moisture adsorbed on the carbon surface. The first desorption peak of m/z = 28 corresponding to CO is detected at temperatures between 350 and 650 1C, and may primarily be related to phenol (R-OH) functionalities. 32, 33 The first desorption peak of CO 2 (m/z = 44)
occurs at temperatures between 500 and 600 1C and is probably related to lactone (R 1 COOR 2 ) functionalities. 32, 33 The peak positions of CO and CO 2 desorption overlap when the temperature increases from 650 to 950 1C, and is believed to be mainly related to anhydride functionalities (R 1 COOCOR 2 ). 32, 33 Other surface functionalities which desorb at 4650 1C are quinone (R 1 COCOR 2 ) and carbonyl (RCO) groups. The specific oxygen content (in terms of functional groups) quantified by TPD is significant (ca. 4.9 wt%). Oxygenated species on the carbon surface has a direct and remarkable influence on the electrode characteristics by modifying the electrostatic field on the surface. 13 Notably, carbon with higher oxygen content has better wettability in aqueous electrolytes. 34 In summary, the employed electrode material is a microporous and high surface area activated carbon with significant amounts of mainly phenol, anhydride and lactone surface functionalities, which generate both CO and CO 2 during decomposition. with every 3rd cycle in the voltage range from 1 to 2 V. Up to 1 V, the main electrochemical response is the typical rectangular double-layer profile with a specific capacitance of B106 F g À1 .
Electrochemical characterization of carbon electrodes
A minor amount of faradaic current is however discernible, e.g. possibly deriving from the oxidation and reduction of carbon surface groups. 35, 36 The stepwise voltage increase up to 2 V significantly intensifies the faradaic currents, being rather a response for water decomposition. However, these faradaic current contributions decrease with cycles in the same voltage range, indicating a gradual change of the activated carbon functionalities. 13 The inset of Fig. 2 shows the positive and negative electrode potentials (labelled as E+ and EÀ, respectively) for a given voltage applied over the symmetric EDLC cell as given by the reference electrode. The thermodynamic potential limits (represented by horizontal dashed lines) of oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) calculated according to the Nernst equation are 0.63 V (E OER = 1.23-0.059 pH) and À0.60 V (E HER = À0.059 pH), respectively. The positive electrode reaches the thermodynamic OER potential limit when a 1.3 V cell voltage is applied. The practical HER potential is believed to shift towards more negative values due to hydrogen electrosorption on the activated carbon surface and a local pH value increase. 10 Consequently, mainly the faradaic processes on the positive electrode are believed to restrict the maximum operating voltage and detrimentally impact on cycle performance of these types of symmetric EDLCs.
In situ internal cell pressure analysis The faradaic contribution during CV to the total current is smaller at higher scan rates because the cell remains at higher polarization voltages for shorter periods of time, thus resulting in lower extent of electrochemical side-reactions. The influence of side-reactions is evidenced by comparing the internal cell pressure P (blue solid line in Fig. 3a and b) after the complete CV experiments: a total increase of DP B 6 mbar for a 10 mV s À1 sweep rate is smaller than B95 mbar for 0.1 mV s À1 . The amount of volatile side-products and the long-term cell pressure increase is proportional to the extent of irreversible side-reactions. On a short term, cell pressure fluctuations are observed during cycling, which largely is believed to arise from partly reversible gas evolution and consumption processes. For instance, gas bubble formation (e.g. H 2 evolution) in the pores would both push the electrolyte out and expand the electrode package. Evolving gas may also leave the electrolyte phase to increase the pressure of the cell headspace. The pressure reduction on depolarization of the cell then corresponds to gas consumption, e.g. H 2 oxidation.
Reversible swelling of the electrolyte volume may also occur during cycling due to changes in the space requirement of a given molecule/ion under polarization, which depends on its View Article Online chemical and sterical environment, and may cause cell pressure increase on the forward sweep and relaxation on the backward sweep. 16 A minor ion insertion into the activated carbon electrode or modification of micropore wettability may also cause volume expansion, but both these effects are estimated to have a comparatively minor influence on the internal cell pressure. 16, 37 In conclusion, two gas evolution mechanisms may therefore be discerned, i.e. a reversible gas evolution/consumption reaction (short-term pressure fluctuations) and an irreversible gas evolution reaction (long-term continuous pressure increase). In order to identify cell currents and pressure increases related to the current collector (e.g. corrosion, over-potential shift, etc.), 12 blank tests (green solid line, Fig. 3 ) with identical polarization conditions, but excluding the two carbon electrodes, were performed and showed significantly lower gas evolutions compared to when the high-surface area activated carbon is included.
The highest cell specific current (B1 A g À1 ) also results in the highest specific dP/dt, thus demonstrating the relationship between the overall cell current and the rate of side-reactions. The gas evolution rate inside the closed EDLC cell per gram of the carbon electrode is roughly proportional to the calculated specific dP/dt, which in turn can be further semi-quantitatively analysed by employing the ideal gas law. For instance, B25 mbar min À1 g À1 during the first cell polarization cycle to 2 V at 10 mV s À1 (Fig. 3a ) roughly corresponds to a gas View Article Online evolution rate of 2 mmol min À1 g À1 and a total formed gas amount in turn corresponding to an oxidation and reduction of less than 1% of the available electrolyte in the same cycle. The specific dP/dt peak gradually decreases upon repeated cycling, which agrees with the fading of the faradaic current during repeated CV cycles (clearly seen in Fig. 2 ), again indicating a gradual modification of the electrode surface. At a lower sweep rate of 0.1 mV s À1 (Fig. 3b) , the gas evolution onsets are more easily discernible. The extent of irreversible gas evolution (compare to Fig. 3a) is significantly enhanced when a cell voltage higher than 1.6 V is applied, which is believed to be due to the pronounced influence of water decomposition. The splitted dP/dt peaks (indexed in Fig. 3a and b to 1 and 2 in the 0-2 V range) indicate the presence of at least two different processes of gas evolution between U o 1.6 V and U 4 1.6 V, which will be further discussed in detail. Fig. 3c presents the internal pressure development during the accelerated ageing test, which contains five galvanostatic cycles (0.2 A g À1 , 0 o U o 1.8 V) and a potentiostatic step at 1.8 V for 2 hours (also termed floating step), during which the leakage current is recorded. 13 Despite the harsh ageing conditions, the double-layer capacitance of the cells is constant at B110 F g À1 regardless of the floating potential, thus indicating that the active electrode surface area is preserved after five ageing cycles. The internal cell pressure fluctuations are also observed for the galvanostatic cycling. However, both the leakage current and the specific dP/dt approach steady state values during floating steps, and show the presence of a single gas evolution process. For higher voltages, e.g. 2 V, the steady state gas evolution rate increases for every floating step (not shown), which points to an increasing reactivity at the activated carbon electrode/electrolyte interface with time at voltages U 4 1.8 V. Furthermore, the specific dP/dt peak amplitude during galvanostatic cycling is generally the highest in the first cycle after each floating step, thereafter it gradually decays. The initial higher peak in specific dP/dt may be related to the formation of reactive species during the floating step, which are slowly consumed during the five subsequent cycles.
The specific dP/dt is considerably higher during galvanostatic cycling compared to the floating steps in the same ageing sequence indicating that the degradation process of EDLCs is harsher during the cycling period than in the potentiostatic period. Such observation is consistent with the result of Avasarala et al., who compared the modification of carbon surface groups under both potential cycling and potential holding conditions by performing XPS characterization, thus further demonstrating that potential cycling significantly enhanced the extent of carbon surface oxidation. 36 Fig . 3d shows the long-term specific charge retention and internal cell pressure increase during the CV cycling with cell cut-off voltages (V c ) of 0.8, 1.4, and 2 V. For easy comparison, the specific charge q is normalized with respect to the expected specific charge q 0 (=C 0 ÁV c [F V g À1 ]), simply assuming a doublelayer capacitance C 0 of 110 F g À1 . A higher q reflects the increased influence of faradaic reactions, particularly at higher cell voltages. The initial fluctuations in q are related to the reactions of residual cell impurities and incomplete pore wetting. 13 Clearly, higher operational voltages increase the rate of electrode and electrolyte related side-reactions as both cell specific charge loss and internal pressure linearly increase proportionally without any indication of stabilizing. Again, assuming that every mole of formed gas corresponds to a mole of consumed carbon (1 C per gas molecule, e.g. as for CO or CO 2 ), the pressure increase of B70 mbar during long-term cycling at 2 V (Fig. 3d) corresponds to a consumption of 5.5 mmol C (B80 nmol mbar
À1
, according to the ideal gas law), which is B0.4% of the available activated carbon electrode mass. A specific charge loss of 2% can thus only partly be explained by direct carbon corrosion in form of gas, and further effects associated with the electrode morphology and/or the electrolyte have to be considered.
In situ OEMS analysis ) of the symmetric EDLC cell with the positively polarized electrode on the top and bottom, respectively. Higher sweep rates were omitted due to the insufficient time response of the OEMS setup. Compared to the pressure cell, where the formed gases remain inside the cell, the OEMS cell is continuously flushed with a stream of Ar, which removes the gases from the cell once formed (to the inlet of the mass spectrometer) and therefore prevents further reactions. Gases forming on the top electrode have a short diffusion distance before being carried away with the Ar-stream, 38 unlike gases forming on the bottom electrode that first have to cross the separator and the top electrode. Therefore, by exchanging the polarity of the cell, gas evolution/interactions associated with positive and negative electrodes may be partly decoupled. When the positive electrode is located at the top (Fig. 4a ), H 2 evolution is detected in the cell voltage ranges of 0-1.8 V and 0-2 V, as the negative electrode potential is beyond the thermodynamic limit of HER (À0.6 V vs. SHE, Fig. 2 ). When the negative electrode is located at the top, the H 2 evolution onset is found earlier (at a cell voltage of 1.6 V, Fig. 4b) and at significantly higher H 2 evolution rates. H 2 evolution is thus confirmed to follow on the negative electrode exceeding thermodynamic HER potential, leading to pronounced H 2 trapping and/or oxidation in the presence of the positive electrode on top. Even though the positive electrode is polarized beyond the onset potential of OER (0.63 V vs. SHE, Fig. 2 ) at cell voltages U 4 1.2 V, no O 2 evolution was observed at any potential. However, drops in the O 2 background signal (inset of Fig. 4b ) are noticed during cell polarization and related to electrochemical reduction of trace O 2 present in the Ar stream (B100 ppm O 2 ) of the OEMS (e.g. from leakage). Because of the high sensitivity of the mass spectrometer, such small variations in O 2 partial pressure due to O 2 reduction on the negative electrode are readily observed, 39 and provides a clue to the reversible gas pressure variations in the closed pressure cell configuration above. However, traces of O 2 are found at very low The ion-current signals of CO and CO 2 appearing on m/z = 28 and 44, respectively, present nearly identical evolution profiles when the symmetric EDLC cell is cycled. The overlap is partly explained by the minor contribution of CO 2 to m/z = 28 due to induced fragmentation by the electron impact ionization of the MS. 40 The CO evolution can however be anticipated by comparing the m/z = 28 and 44 evolution profiles. The peak intensities of CO/CO 2 in each CV cycle are detected at the maximum applied voltages. The evolution at relatively low cell voltages U o 1.2 V are assigned to the decomposition of carbon surface functionalities, which is supported by the gradually decreasing signal intensities until the cell voltage reaches 1.8 V (Fig. 4a and b) . In order to more precisely determine the voltage onset for the carbon surface modification, Fig. 4c shows gas evolution profiles of the EDLC cell when the cell voltage is stepwise increased from the open circuit voltage to 2 V. Apparently, CO 2 evolution starts already at a cell voltage of 0.6 V and a maximum ion-current intensity is observed at 1 V under the present conditions, the pristine carbon surface functional groups are assumed to be continuously decomposed at cell voltages U 4 0.6 V with the electrochemical potential as the driving force. Once cell voltages higher than 1 V are reached, the surface groups approach depletion and the CO 2 evolution declines.
In agreement with the specific dP/dt pattern in Fig. 3a and b, two CO 2 evolution peaks in voltage range of 0-2 V can be clearly distinguished (inset of Fig. 4a ). The first CO 2 evolution peak (0 o U o 1.6 V) corresponds to the decomposition of carbon surface groups while carbon corrosion is believed to account for the second CO 2 evolution peak at cell voltages higher than 1.6 V. The ion-current intensity related to CO (m/z = 28) increases to a larger extent at U 4 1.6 V than for CO 2 , indicating that CO gas evolution is higher during the carbon corrosion process (Fig. 4a-c) . CO and CO 2 evolution intensities significantly decrease after moving the negative polarized electrode to the top (Fig. 4b) , which shows that these gases derive from the positive electrode. Besides, chemical absorption of CO 2 into the electrolyte may also have influence on CO 2 intensity. Accelerated ageing tests were also performed with the OEMS configuration and confirm the above findings in the cell pressure characterization section.
Mechanism discussion
In situ pressure cell and OEMS analysis provide complementary data on gas evolution in EDLC cells. The type, onset, and quantity of gas evolution are correlated with the potential of the activated carbon electrodes. H 2 , CO and CO 2 are the detected volatile species, and the involved reaction processes may presumably be classified into four general categories: 1. Carbon surface functional group decomposition. 2. Water splitting (HER and OER). 3. Carbon corrosion. 4. Chemical/electrochemical gas consumption. The proposed gas evolution mechanisms for an activated carbon based EDLC cell containing 1 mol L À1 Li 2 SO 4 electrolyte are illustrated in Scheme 1, and further details of the potential dependence and reaction mechanisms are given in Table 1 . The simultaneous CO and CO 2 evolution observed at cell voltages U 4 0.6 V (Scheme 1) are assumed to be initiated by the electrochemical oxidation of the existing pristine surface groups of the activated carbon electrode (eqn (1) and (2), Table 1 ). 36, 57 TPD indicates the existence of phenol, anhydride, lactone, quinone and carbonyl groups etc. Anhydride and lactone groups may electro-oxidize to form CO 2 at an electrode potential of 0.25 V, whereas oxidation of quinone and carbonyl groups preferentially yields CO evolution at identical onsets, thus possibly explaining the apparent parallel evolution of those species in our experiments. 32, 48 Despite a stable cycling in a low voltage regime (o0.8 V), the carbon surface functional groups appear to be continuously oxidized and reformed, thus explaining the very minor long-term internal pressure increase (Fig. 3d) . On the negatively polarized electrode, surface functional groups containing sp-hybridized oxygen, e.g. quinone and carbonyl groups, can be reduced at the same voltages to yield alcohol-like species (eqn (3) and (4)). Electrochemical decomposition of water, i.e. hydrogen/oxygen evolution reaction (HER/OER), is expected at higher cell voltages (U 4 1.2 V). On the negative electrode, the reduction process initiates with hydrogen chemisorption (eqn (5)) and storage.
In situ Raman spectroscopy has demonstrated that considerable amounts of hydrogen can be reversibly stored in activated carbons on HER. 52 The H + /C-H ad redox couple offers additional pseudo-capacitance for activated carbon based aqueous EDLCs as hydrogen may strongly adsorb into the activated carbon micropores 45 and can later be reversibly oxidized under anodic conditions (eqn (12)). At cell voltages U 4 1.6 V, recombination of nascent chemisorbed hydrogen (Scheme 1) is clearly observed to form H 2 gas (eqn (6) and (7)) on the negative electrode. 46 On the positive electrode, OER would be the expected counter reaction (eqn (8) ) as the electrode is above the thermodynamic potential for water splitting (Fig. 2) 32 Such carbon corrosion processes appear to be the governing gas evolution process at cell voltages U 4 1.6 V (Scheme 1) and lead to significantly higher specific charge loss and pressure increase rates (B2 V, Carbon corrosion is generally complex, and sensitively dependent on electrolyte pH and electrode potential. Several reaction mechanisms have been proposed for neutral and alkaline solutions, in which the activated carbon is either indirectly oxidized via the formation of surface groups (eqn (9) and (10)) or directly oxidized (eqn (11)). 59 
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was assumed to cause direct carbon corrosion (eqn (9)). 48 Several well documented carbon degradation mechanisms occurring in fuel cell applications could also be considered (eqn (11)). 50, 51 In addition to the above-described gas evolution processes, H 2 , O 2 , CO and CO 2 gases may be chemically or electrochemically consumed. The competition between gas evolution and consumption processes may at least partially explain the breathing-like pressure fluctuation inside EDLC cells. H 2 gas forming on the negative electrode may oxidize on the backward potential sweep and/or diffuse to and oxidize on the positive electrode (eqn (13)) during cycling. As observed in the OEMS experiment of Fig. 4b , trace oxygen in Ar stream was readily reduced on the negative electrode (eqn (14) and (15)). Even though the ion-current on m/z = 28 partly belongs to CO 2 , the relative ratio between m/z = 28 and 44 changes at higher potentials ( Fig. 4a  and b) indicating the increasing formation of CO. However, the low amounts of CO may be explained by its further oxidation to CO 2 before leaving the cell (eqn (16)). Such a reaction would however not contribute to the cell pressure build-up. Alkaline solutions are furthermore well known to form an equilibrium with gaseous CO 2 to form insoluble carbonate precipitates (eqn (17) and (18)). However, neither a significant pH value change of the electrolyte nor the formation of any precipitate was observed after the cycling experiments. On the other hand, local pH changes in the electrode bulk should be considered.
Conclusions
Online electrochemical mass spectrometry, combined with in situ pressure cell analysis, was for the first time employed to study the performance-determining side-reactions in highvoltage supercapacitors based on an aqueous electrolyte and activated carbon. Rapid short-term cycling leads to breathinglike and partly reversible cell pressure fluctuation, which mainly is believed to be related to reversible gas formation/ consumption reactions. Although these side-reactions provide additional pseudo-capacitance at higher voltages, both the long-term performance and the safety are compromised due to the irreversible formation of volatile side-reaction products. Gas evolution may further increase the overall cell impedance. For instance, the formation of gas bubbles at the current collector and/or inside the electrode pores introduce both electronic and ionic resistance by inducing electric contact loss and/or obstructing ionic transport, respectively.
Processes, such as carbon surface functional group decomposition, water splitting, and carbon corrosion, were shown to be distinguishable according to their potential dependent onsets, type and amount of gas evolved. The activated carbon electrode with a high surface area and significant amounts of phenol, anhydride, lactone, quinone and carbonyl functional groups, apparently oxidize early to form mainly CO 2 gas at cell voltage U 4 0.6 V until depletion from the electrode surface. H 2 evolution starts close to the thermodynamic HER potentials (U 4 1.2 V), but because of carbon surface group modification and hydrogen storage, significant H 2 gas evolution occurs first at a cell voltage of U 4 1.6 V. No O 2 gas evolution was observed at any potential as the formed oxygen species are believed to directly cause carbon corrosion at high cell voltages U 4 1.6 V. Direct carbon corrosion on the positive electrode is believed to yield mainly CQO and C-OH surface groups due to the strong View Article Online reactivity of the carbon towards oxidized H 2 O in the form of oxygen radicals, thus explaining the predominant CO evolution at high voltages. Repeated cycling in a wide electrochemical window, especially in the mild current/scan rate regime supplying more charge for parasitic reactions (gas evolution) appears to be harsher on the chemical integrity of the cell compared to the potential holding steps. In summary, in situ gas analysis is shown to provide unique tools in the identification, characterization and fundamental understanding of aqueous supercapacitor side-reactions. These investigations constitute the first critical steps to mitigate cell ageing issues and design the next-generation high-energy aqueous based supercapacitors.
